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a b s t r a c t
Tight regulation of cell proliferation and differentiation is required to ensure proper growth during
development and post-natal life. The source and nature of signals regulating cell proliferation are not
well identiﬁed in vivo. We investigated the speciﬁc pattern of proliferating cells in mouse limbs, using
the Fluorescent ubiquitynation-based cell-cycle indicator (Fucci) system, which allowed the visualization
of the G1, G1/S transition and S/G2/M phases of the cell cycle in red, yellow or green ﬂuorescent colors,
respectively. We also used the retroviral RCAS system to express a Fucci cassette in chick embryos. We
performed a comprehensive analysis of the cell cycle state of myogenic cells in fetal limb muscles, adult
myoblast primary cultures and isolated muscle ﬁber cultures using the Fucci transgenic mice. We found
that myonuclei of terminally differentiated muscle ﬁbers displayed Fucci red ﬂuorescence during mouse
and chick fetal development, in adult isolated muscle ﬁber (ex vivo) and adult myoblast (in vitro) mouse
cultures. This indicated that myonuclei exited from the cell cycle in the G1 phase and are maintained in a
blocked G1-like state. We also found that cycling muscle progenitors and myoblasts in G1 phase were
not completely covered by the Fucci system. During mouse fetal myogenesis, Pax7þ cells labeled with
the Fucci system were observed mostly in S/G2/M phases. Proliferating cells in S/G2/M phases displayed
a speciﬁc pattern in mouse fetal limbs, delineating individualized muscles. In addition, we observed
more Pax7þ cells in S/G2/M phases at muscle tips, compared to the middle of muscles. These results
highlight a speciﬁc spatial regionalization of cycling cells at the muscle borders and muscle–tendon
interface during fetal development.
& 2014 Elsevier Inc. All rights reserved.
Introduction
An open question is to understand how the balance between
proliferation and differentiation is maintained over time in order
to ensure progressive tissue growth during development. The
spatial and temporal organization of cell cycle is not characterized
in vivo.
Embryonic, fetal and peri-natal myogenesis occur in successive
and overlapping phases. The myogenesis processes involve differ-
ent muscle progenitor populations, which are deﬁned throughout
development by the expression of the paired-box transcription
factors, Pax3 and Pax7 (Hutcheson et al., 2009; Kassar-Duchossoy
et al., 2005; Relaix et al., 2005; Schienda et al., 2006). Pax3þ cells
deﬁne the embryonic muscle progenitors, while Pax7þ cells
identify fetal muscle progenitors and satellite cells (Hutcheson
et al., 2009; Kassar-Duchossoy et al., 2005; Relaix et al., 2005).
Once speciﬁed to a muscle fate, muscle progenitors use a common
muscle program, which involves the myogenic regulatory factors
(MRFs). The four members of this family of DNA binding proteins
(Myf5, MyoD, Mrf4 and Myogenin) induce the expression of a
variety of genes involved in the contractile properties of mature
skeletal muscle cells. While embryonic myogenesis involves spe-
ciﬁcation and determination processes, fetal myogenesis is based
on muscle growth (Messina et al., 2010). Moreover, it is by the end
of fetal myogenesis that the satellite cells are generated and
acquire their speciﬁc location underneath the basal lamina
(Broḧl et al., 2012). Perinatal muscle growth is due to an increase
in the number of myonuclei and to muscle hypertrophy (White
et al., 2010). In the adult, satellite cells have a stem cell potential
(Seale et al., 2000). Under resting conditions satellite cells are
quiescent, while after damage they become activated, proliferate
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and reactivate the myogenic program via the MRFs (reviewed in
Buckingham and Relaix, 2007).
A tight control of cell proliferation is crucial for proper skeletal
muscle formation, particularly during fetal myogenesis. Different
signaling pathways regulate fetal muscle progenitors, including
Notch, Wnt and Bmp pathways (Biressi et al., 2007; Hutcheson
et al., 2009; Vasyutina et al., 2007; Wang et al., 2010). Recently,
a transcription factor, Nﬁx, has been identiﬁed as a major regulator
of the switch between embryonic and fetal myogenesis, by
regulating directly the transcription of several fetal speciﬁc genes
and concomitantly inhibiting embryonic speciﬁc genes (Messina
et al., 2010). Several arguments exist to say that fetal muscle
progenitors are not all equivalent (Hauschka, 1974; Schafer et al.,
1987; Biressi et al., 2007). It has been observed that a subpopula-
tion of fetal muscle progenitors responding to Bmp signaling are
preferentially located at the tips of muscles, close to the tendons in
chick embryos (Wang et al., 2010). Lastly, two distinct muscle
progenitor populations have been described during fetal develop-
ment, which display different rates of cycling in chick and mouse
embryos (Picard and Marcelle, 2013), although there is no indica-
tion of spatial regionalization for these two cell populations. All
together these data suggest a heterogeneity of proliferating fetal
muscle progenitors.
Adult satellite cells are a heterogeneous population as observed
through multiple parameters. Cre/LoxP lineage tracing studies
identiﬁed a sub-population of satellite cells that had never
expressed Myf5 and functioned as a stem cell reservoir (Kuang
et al., 2007). These Pax7þ/Myf5-satellite cells give rise to Pax7þ/
Myf5þ committed cells through apical–basal oriented divisions,
which asymmetrically generate a basal Pax7þ/Myf5-cell and an
apical Pax7þ/Myf5þ cell (Le Grand et al., 2009; Kuang et al.,
2007). ex vivo work on FACS-sorted satellite cells demonstrated
that while the vast majority of activated satellite cells were fast-
dividing cells, slow-dividing cells were observed as a minority
population (Ono et al., 2012). In addition, clusters of activated
satellite cells are more concentrated at the extremities of isolated
adult muscle ﬁbers (Wang et al., 2010).
in vitro studies have highlighted the role of cell cycle compo-
nents during the muscle differentiation process (reviewed in
Ciemerych et al., 2011). In particular, pRb, (retinoblastoma pro-
tein), which is associated with cell cycle exit and terminal
differentiation, has been shown to up-regulate MyoD transcrip-
tional activity and to induce the expression of late muscle
differentiation markers (Gu et al., 1993). Moreover, MyoD pro-
motes the transcriptional activation of the Cdk inhibitors (CKI)
from the CIP/KIP family, p21, p27 and p57, in differentiating
myoblasts, contributing to cell cycle arrest (Cenciarelli et al.,
1999; Figliola and Maione, 2004; Otten et al., 1997). MyoD activity
is higher during G1, while it starts to be degraded as the cells enter
S phase and proceed with the cell cycle (Kitzmann et al., 1998).
While MyoD is associated with G1 phase and cell cycle with-
drawal, Myf5 expression starts in late G1 phase and is higher
throughout the S/G2/M phases and in the quiescent G0 state
(Kitzmann et al., 1998; Lindon et al., 1998). However, the organiza-
tion of cell cycle is poorly characterized in vivo. It has been shown
that the number of proliferating Pax7þ cells decreases over
development in both mouse and chick embryos (He et al., 2005;
Picard and Marcelle, 2013).
The Fucci (Fluorescent ubiquitination-based cell cycle indica-
tor) system has been developed based on the fact that several
proteins oscillate through the different phases of the cell cycle, due
to the activity of ubiquitin ligase complexes (Sakaue-Sawano et al.,
2008). Both Cdt1 and Geminin proteins are involved in the
licensing of the DNA replication and therefore their activities are
tightly regulated (McGarry and Kirschner, 1998; Nishitani et al.,
2000; Wohlschlegel et al., 2000). Geminin is ubiquitinated during
G1 phase by the APCCdh1 complex, while Cdt1 is tagged to
degradation by the SCFSkp2 ubiquitin ligase complex at the S phase
(Li et al., 2003; McGarry and Kirschner, 1998), allowing a non-co-
localization of these proteins except at the G1/S transition phase.
By fusing human Geminin to the red ﬂuorescent protein mono-
meric Kosabira Orange 2 (mKO2) and Cdt1 to the green ﬂuorescent
protein monomeric Azami-Green (mAG), it has been established
a color system that covers the different cell cycle phases (Sakaue-
Sawano et al., 2008). Two transgenic mouse lines expressing
ubiquitously mKO2-hCdt1 (Fucci red) or mAG-hGem (Fucci green)
have been established (Sakaue-Sawano et al., 2008).
In this paper, we analyzed the pattern of cell cycle in limbs
during mouse and chick fetal myogenesis using the Fucci system.
We also analyzed the Fucci state of adult myoblasts and isolated
ﬁbers.
Materials and methods
Mouse lines and chick embryos
The Fucci mice expressing either Cdt1-KO2 (FucciTG mouse
#596, Fucci red) or Gem-AG (FucciTG mouse #504, Fucci green)
were obtained from the RIKEN Brain Science Institute, (Japan).
Mouse embryos were collected after natural overnight matings.
For staging, fertilization was considered to take place at midnight.
Fertilized White Leghorn chick eggs (HAAS, Kaltenhouse) were
incubated at 38.5 1C. Chick embryos were staged according to days
in ovo.
RCAS-Fucci-2A plasmid construction and grafting RCAS-Fucci-2A-
expressing cells
The Fucci-2A cassette containing mKO2-hCdt1 and eGFP-hGem
sequences was established using the 2A peptide, which allows the
production of two proteins under the same promoter (Szymczak
et al., 2004; Feillet et al., 2014). The Fucci-2A cassette was excised
from the pPRIHy Fucci-2A vector by performing a double digestion
with ClaI and AccI restriction enzymes, and inserted into the RCAS-
BP(A) vector, digested with ClaI and further dephosphorilated with
the Antartic Phosphatase enzyme, using the T4 DNA Ligase.
Chicken embryonic ﬁbroblasts (CEFs) obtained from E10 chick
embryos were transfected with RCAS-Fucci-2A at a conﬂuence of 50%
using the Calcium Phosphate Transfection Kit (Invitrogen), overnight
at 37 1C and 5% CO2. Pellets of approximately 50–100 μm in diameter
were grafted into limb buds at E3.5. The embryos were harvested
5 days after grafting at E8.5, and processed for immunohistochem-
istry to tissue sections.
Adult primary myoblast culture
Skeletal muscles of hindlimbs of 2 month-old Fucci green and
red mice were dissected, transferred to a sterile 6 cm Petri dish on
ice, mulched into a smooth pulp and incubated in CollagenaseB/
DispaseII/CaCl2 solution (1.5 U/ml, 2.4 U/ml, and 2 M, respectively,
in DMEM; Roche). After a 15 min incubation at 37 1C in the culture
incubator, the muscle pulp was triturated with heat-polished glass
Pasteur pipettes, and this incubation/trituration step was repeated.
The tissue digestion was stopped with the addition of FBS, cells
were ﬁltered and washed twice with PBS, re-suspended in growth
medium consisting of Ham's F10 supplemented with 20% FBS and
2.5 ng/μl of bFGF, and let to adhere onto a non-coated 10 cm plate
for 2 h. At the end of the preplating procedure, the media was
transferred onto collagen-coated Petri dishes. Cultures were
maintained in growth medium until cells reached 80% conﬂuence.
The myoblast population was enriched by differential adhesion
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compared with ﬁbroblasts during the ﬁrst week of culture.
Primary myoblasts used in this study were 95% pure (as assessed
by Pax7/MyoD double staining) at passage four.
Isolated muscle ﬁbers
Single myoﬁbers were isolated from the EDL muscles of
2-month-old Fucci green and red mice as previously described
(Le Grand et al., 2012). Myoﬁbers were cultured in suspension in
6-well plates coated with horse serum to prevent ﬁber attach-
ment. Fibers were incubated in plating medium consisting of 15%
FBS and 1% chick embryo extract (CEE; Accurate Chemicals) in
DMEM. At 0 and 72 h of culture, individual ﬁbers were picked and
ﬁxed in 1% PFA, permeabilized with 0.2% Triton X-100 in PBS, and
then processed for immunostaining.
Immunohistochemistry
Forelimbs from RCAS-Fucci-2A-manipulated E8.5 chick
embryos and E15.5 or E18.5 Fucci mouse embryos were ﬁxed in
4% paraformaldehyde, overnight at 4 1C and then processed in
gelatin/sucrose for 12 mm cryostat sections. Immunohistochemis-
try of forelimbs sections was performed as previously described
(Wang et al., 2010). The Fucci green reporter (mAG ﬂuorescence)
was detected using the Anti-monomeric Azami-Green 1 (MBL,
PMO52). The Fucci red reporter (mKO2 ﬂuorescence) was
observed without any additional labeling. The monoclonal anti-
bodies, MF20 that recognizes sarcomeric myosin heavy chains and
Pax7 that recognizes muscle progenitors, developed by D.A. Fisch-
man and A. Kawakami, respectively, were obtained from the
Developmental Studies Hybridoma Bank developed under the
auspices of the NICHD and maintained by The University of Iowa,
Department of Biology Iowa City, IA 52242. The anti-MyoD
monoclonal antibody was obtained from Dako (M3512) and the
anti-Ki67 antibody (mouse IgG1) was obtained from BD Pharmin-
gen (556003). The type I collagen polyclonal rabbit antibody was
obtained from (Calbiochem, 234167). After overnight incubation
with the primary antibody at 4 1C, secondary antibodies conju-
gated with Alexa-488 (Invitrogen, A1 1008 α-rabbit, A2 1121
α-mouse IgG1, A2 1141 α-mouse IgG2b) and Alexa-555 (Invitro-
gen, A2 1127 α-mouse IgG1, A21147 α-mouse IgG2b) were applied
for 1 h at room temperature. Ampliﬁcation with biotinilated
secondary antibodies was carried out when needed by performing
incubation with anti-mouse IgG2b biotinilated antibody (Southern
Biotech, 109008) for 1 h and Cy5-Streptavidin (far-red) (Invitrogen,
434316) for 45 min, both at room temperature. Hoechst (Molecu-
lar Probes) staining was performed with a dilution of 1/20,000 in
PBS 1 for 10 min at room temperature.
EdU staining
Intra-peritoneal injection of 300 μl of 5 mg/ml EdU solution
(Invitrogen) was performed on pregnant Fucci green mice.
Embryos were dissected 1.5 or 5 h after EdU injection.
EdU (ﬁnal concentration 10 μM) was added in culture medium
of adult myoblast cultures in proliferation conditions for 24 h
before ﬁxation.
Image capturing
After immunohistochemistry, images of the sectioned samples
were obtained using a Leica DMI6000 B microscope or a Leica SP5
confocal system.
Quantiﬁcation and statistical analyses
Quantiﬁcation of the number of myogenic cells in vivo (tissue
sections) and in vitro (cell culture) in each phase of the cell cycle
was carried out in double mKO2-hCdt1/mAG-hGem transgenic
mouse embryos. Forelimbs of E15.5 Fucci red/green mouse
embryos were processed for cryostat transverse and longitudinal
sections and immunohistochemistry. To quantify the number of
Pax7þ or MyoDþ cells, several sections of three different muscles
(Flexor Digitorium Profundus, Extensor Carpi Radialis Longus,
Extensor Carpi Radialis Brevis) were analyzed in 3 different
embryos. To determine the number of proliferating muscle pro-
genitors at the tips and middle of muscles, images were captured
from muscles of forelimbs of 3 different mAG-hGem transgenic
mouse embryos labeled with Pax7 (E15.5). For enumeration of
primary myoblasts and myotubes isolated from two Fucci red/
green mice, pictures of cultures stained with Pax7 and MyHC
antibodies were assembled and counted. Results shown are the
mean of biological triplicates from three independent cultures.
Statistical analysis was performed with Excel software using the
two-tailed unpaired Student's t test to determine p-values. Statis-
tical signiﬁcance was set at nnnpo0.001. Cell quantiﬁcation
(in vivo and in vitro) was done using the Cell Counter plug-in of
the free software ImageJ (Rasband, W.S., ImageJ, U.S. National
Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.
gov/ij/, 1997–2012).
Results
Myonuclei of post-mitotic differentiated cells displayed Fucci red
ﬂuorescence during mouse fetal myogenesis
In order to characterize the cell cycle state of limb cells during
fetal development, we used the E15.5 Fucci mouse embryos, at a
stage when the musculo-skeletal pattern is established. We ﬁrst
analyzed the regionalization of cells in G1 phase on transverse
forelimb sections of mKO2-hCdt1 transgenic mice (Fucci red mice).
One striking observation was that red ﬂuorescence appeared to be
expressed strongly in muscles, which were labeled with the MF20
antibody recognizing myosins (Fig. 1A–C). Higher magniﬁcations
of transverse and longitudinal sections of muscles showed that
myonuclei in terminally differentiated muscle ﬁbers were system-
atically Fucci red (Fig. 1D–I, arrowheads). Because myonuclei were
not cycling (Moss and Leblond, 1970), the persistence of red
ﬂuorescence suggested that myonuclei were in a blocked G1-like
phase in muscle ﬁbers. We also observed Fucci redþ nuclei
located outside muscle ﬁbers, which displayed a lower red
ﬂuorescence compared to that of myonuclei in muscle ﬁbers
(Fig. 1G–I, arrows). Next, we analyzed forelimb muscles of mAG-
hGem transgenic mice (Fucci green mice), to visualize cells in
S/G2/M phases (Fig. 1J–L). We observed that cells displaying green
ﬂuorescence were always excluded from muscle ﬁbers (Fig. 1M–O,
arrows). These cells could be muscle progenitors, myoblasts or
muscle connective tissue cells. We conclude that the myonuclei of
Myosinþ cells were in a G1-like state in mouse limb fetal muscles.
The Myosin‐ cells could be observed in all phases of cell cycle.
Fucci state of MyoDþ cells during mouse fetal myogenesis
We next analyzed the cell cycle state of MyoDþ cells in mouse
fetal limbs using the Fucci system (Fig. 2). We observed that 64.6% of
the MyoDþ nuclei were positive for Fucci red, while only 7% of
MyoDþ cells displayed Fucci green ﬂuorescence (Fig. 2A–H). We also
observed a relative high proportion of MyoDþ cells (28,1%) that were
negative for the Fucci system (Fig. 2G and H). Because myonuclei in
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muscle ﬁbers were all Fucci redþ (Fig. 1), we analyzed the Fucci state
of MyoDþ/Myosin‐ cells, by performing double staining with MyoD
and MF20 antibodies in Fucci red or green embryos (Fig. 2I–N).
MyoDþ nuclei displaying Fucci red ﬂuorescence were observed in
differentiated muscle ﬁbers (Fig. 2I–K, arrowheads) or outside
Myosinþ cells (Fig. 2I–K, arrow). These Fucci redþ/MyoDþ
/Myosin‐ cells displayed lower red ﬂuorescence (Fig. 2J, arrow)
compared to that of Fucci redþ/MyoDþ/Myosinþ cells (Fig. 2J,
arrowheads). 15.1% of MyoDþ/Myosin‐ cells were Fucci red. MyoDþ
Fucci greenþ cells were consistently located outside of the muscle
ﬁbers (Fig. 2L and M, arrows). The size of the MyoDþ/Myosin‐ pool in
S/G2/M phases (Fucci green) was 65.6%. We conclude that MyoDþ
/Myosinþ cells were systematically Fucci redþ , while the MyoDþ
cells outside muscle ﬁbers were mostly in S/G2/M phases.
Fig. 1. Fucci transgene expression in fetal muscles of mouse forelimbs. Limbs from mKO2-hCdt1 (Fucci red, A–I) or mAG-hGem (Fucci green, J–O) E15.5 mouse embryos were
sectioned and immunostained with the with the MF20 antibody that recognizes myosins. (A–C) Transverse limb sections from Fucci red embryos were immunostained with
the MF20 antibody (green). Higher magniﬁcation of longitudinal (D–F) and transverse (G–I) muscle sections showed that myonuclei in MF20-positive ﬁbers systematically
displayed Fucci red ﬂuorescence (D–I, arrowheads). (G–I) Fucci redþ nuclei were also observed in mononucleated cells outside MF20þ ﬁbers (G–I, arrows). (G, H) Fucci red
nuclei in mononucleated cells displayed a weaker signal (arrows) compared to that of myonuclei in multinucleated cells (arrowheads). (J–O) Transverse limb sections from
Fucci green embryos were immunostained with the MF20 antibody (red). Fucci greenþ cells in S/G2/M phases were systematically located outside of the muscle ﬁbers
(M–O, arrows). Scale bars¼50 mm.
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Pax7þ cells labeled with the Fucci system were mainly in S/G2/M
phases during mouse fetal myogenesis
In order to deﬁne the Fucci state of fetal muscle progenitors,
we analyzed Pax7 expression in mKO2-hCdt1, mAG-hGem and
mKO2-hCdt1/mAG-hGem mice (Fig. 3). A ﬁrst clear observation
was that the Pax7þ cells were barely displaying Fucci red
ﬂuorescence (0.6%), while 40.5% of Pax7þ cells were Fucci greenþ
(Fig. 3A–I). Another striking observation was that 57.6% of Pax7þ
cells were negative for the Fucci system (Fig. 3G–I). Consistently,
Fig. 2. Cell cycle state of MyoDþ cells during mouse fetal myogenesis using the Fucci system. Limbs from mKO2-hCdt1 (Fucci red, A–C, I–K), mAG-hGem (Fucci green, D–F,
L–M) or double mKO2-hCdt1/mAG-hGem (Fucci red and green, G) E15.5 mouse embryos were sectioned and immunostained with the MyoD antibody only (A–G) or with the
MyoD and MF20 antibodies (I–N). MyoDþ cells were mainly Fucci red (A–C, arrowheads), and also Fucci green (D–F, arrows). (G) MyoDþ cells in double mKO2-hCdt1/mAG-
hGem muscles. Red arrows point to Fucci redþ/MyoDþ cells, green arrow points to Fucci greenþ/MyoDþ cells and white arrow points to MyoDþ cells negative for the
Fucci system. (H) Quantiﬁcation of the proportion of MyoDþ cells observed in the different colors of the Fucci system. (I–K) MyoDþ nuclei displaying red ﬂuorescence were
either inside of MF20þ ﬁbers (arrowheads) or outside MF20þ ﬁbers (arrows). (L–N) The MyoDþ cells in S/G2/M phases (Fucci green) were always MF20-negative (arrows).
(O) Quantiﬁcation of the proportion of Fucci redþ or Fucci greenþ cells among the MyoDþ cells. Scale bars¼50 mm.
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Pax7þ cells were never Myosinþ (Fig. 3J–O, arrows) as previously
established (Relaix et al., 2005). Pax7þ cells in S/G2/M phases
(Fucci greenþ) were also always excluded from MF20þ cells
(Fig. 3M–O, arrows). We conclude that Pax7þ cells labeled with
the Fucci system were found mostly in S/G2/M phases.
Link between the Fucci system and the proliferation markers, Ki67
and EdU
A relatively high percentage of MyoDþ and Pax7þ cells did not
express any Fucci reporter (Figs. 2H, 3I). It has been previously
shown that there is gap of Fucci ﬂuorescence between the M and
G1 phases in human and zebraﬁsh cell cultures, indicating that the
early G1 phase of cell cycle was not covered by the Fucci system
(Sakaue-Sawano et al., 2008; Sugiyama et al., 2009). In order to
estimate the percentage of cycling cells not labeled by the Fucci
system in fetal muscles, we ﬁrst used the Ki67 proliferation
marker that labels all cell cycle phases except the G0 phase
(Scholzen and Gerdes, 2000) and quantiﬁed the percentage of
cells that did not display any Fucci reporter among the Ki67þ cell
population. We estimated that 43.9% of Ki67þ cells were not
covered by the Fucci system, in muscles (Supplementary Fig. S1A–I).
We believe that this proportion of Ki67þ/Fucci- cells include cycling
cells that are in early G1 phase. In order to deﬁne cycling muscle
progenitors not labeled with the Fucci system, we turned to EdU
incorporation experiments in Fucci green mouse embryos (Fig. 4).
We used the Fucci green-only mice, because there were very little
Fucci redþ cells among the total Pax7þ cell population (0.6%,
Fig. 3I). We performed two different pulses of EdU incorporation,
1.5 and 5 h. We ﬁrst observed that 30.4% and 55.2% of the Pax7þ cell
population was EdUþ , after 1.5 h and 5 h of EdU pulses, respectively
(Fig. 4A–G). Among the cycling EdUþ/Pax7þ cells, we observed that
around 30% of the cycling Pax7þ cells were not Fucci green, after
1.5 and 5 h of EdU exposure (Fig. 4A–F, H). We conclude that around
30% of the cycling Pax7þ cells were in early G1 and consequently
not covered by the Fucci system.
Speciﬁc pattern of proliferating cells in mouse fetal limbs
In order to determine whether there was a speciﬁc spatial
regionalization of dividing cells in fetal limbs, we analyzed limbs
from double mKO2-hCdt1/mAG-hGem transgenic E15.5 mouse
embryos (Fucci red/green mice). As mentioned previously
(Figs. 1 and 2), in transverse limb sections, Fucci redþ cells were
mainly visualized in individualized muscles (Fig. 5A–C). Because
post-mitotic muscle ﬁbers displayed myonuclei in a G1-like state
(Figs. 1, 5A–C) and early G1 phase is not covered by the Fucci
system (Fig. 4), we analyze the pattern of proliferating cells that
were in S/G2/M phases. Cells in S/G2/M phases were non-
homogeneously distributed in mouse limbs (Fig. 5D). Proliferating
cells in S/G2/M appeared to delineate individualized muscles and
cartilage elements (Fig. 5D–F, Supplementary Fig. S2). Cells in
S/G2/M phases also displayed a speciﬁc hierarchized pattern
in skin, being localized in the inner layer (basal layer)
(Supplementary Fig. S2). High magniﬁcation of a group of ventral
muscles showed an accumulation of dividing cells surrounding
muscles (Fig. 5G–I, arrows). We also observed a high density of
Fucci green cells (S/G2/M phases) in tendons, which were visua-
lized by type I Collagen expression (Fig. 5J–O, arrows). In order to
deﬁne whether this increase in the number of dividing cells in
tendons was maintained during development, we analyzed limbs
at late fetal stages, from E18.5 Fucci mouse embryos. We clearly
observed an increased number of dividing cells in tendons
compared to muscles (Supplementary Fig. S3A–C). We conclude
that proliferating cells in S/G2/M phases display a speciﬁc spatial
organization in mouse limbs, with a high number of proliferating
cells at the muscle–tendon interface during fetal development.
Proliferating fetal muscle progenitors are regionalized in muscles
We previously observed that muscle progenitors displaying
active Bmp signaling at muscle tips proliferate (Wang et al., 2010).
However, we could not conclude whether the Pax7þ cells were
proliferating more at the tips of muscle than in other muscle
regions. Since the percentage of fetal muscle progenitors visua-
lized in G1 phase was very low (0.6%, Fig. 3I), we only considered
muscle progenitors in S/G2/M phases to quantify the number of
cycling Pax7þ cells. Using the Fucci system, we analyzed the
speciﬁc location of Pax7þ cells in S/G2/M phases inside indivi-
dualized muscles. We observed the presence of a higher number of
Fucci greenþ/Pax7þ cells at muscle tips compared to middle
muscle regions (Fig. 6A–C). We conﬁrmed this observation by
quantifying the number of Fucci greenþ/Pax7þ cells at the tips
versus middle of muscles (Fig. 6D–L). The proportion of muscle
progenitors that were going through the S/G2/M phases was
signiﬁcantly higher at muscle tips compared to the middle of
muscle (Fig. 6D–L). In order to deﬁne whether this speciﬁc
regionalization of dividing muscle progenitors at muscle tips was
maintained during development, we analyzed limb muscles at late
fetal stages, in E18.5 mAG-hGem mouse embryos. At the end of
fetal development, the number of proliferating cells had drastically
decreased in muscles (Supplementary Fig. S3A–C). However,
Pax7þ cells in the S/G2/M phases could still be observed at
muscle tips (Supplementary Fig. S3D–F). We conclude that fetal
muscle progenitors in S/G2/M phases were localized more at
muscle tips compared to the middle of muscles.
Use of the Fucci system in the chick model
In order to introduce the Fucci system as a tool for the chick
model, we used the RCAS retrovirus system, which has been
widely used to misexpress genes in chick embryos. The RCAS
replication-competent retrovirus infects dividing cells and spreads
efﬁciently in chick limb tissues, such as cartilage, tendon and
muscles (Duprez et al., 1998, 1996; Edom-Vovard et al., 2002;
Wang et al., 2010). RCAS-Fucci-2A was transfected into chick
embryonic ﬁbroblasts (CEFs). Analysis at the cellular level revealed
the presence of cells that displayed only red (G1 phase), yellow
(G1–S transition) or green (S/G2/M phases) ﬂuorescence in ﬁbro-
blast cell culture (Supplementary Fig. S4). In addition time-lapse
imaging of CEFs showed cell cycle-dependent changes in ﬂuores-
cence in cells, exampled with a red to green conversion with an
intermediary overlapping phase (yellow). This red to green con-
version reﬂected the transition between G1 and S phase
(Supplementary Fig. S5). This result demonstrated that the expres-
sion of human Cdt1 and Geminin proteins was oscillating in chick
ﬁbroblasts, in vitro. In order to visualize the cell cycle state of chick
limb cells, RCAS-Fucci-2A-expressing CEFs were grafted into fore-
limb buds of E3.5 chick embryos. Grafted-forelimbs were analyzed
5 days later in order to allow virus spread. E8.5 RCAS-Fucci-2A
infected limbs displayed red and green ﬂuorescence (Fig. 7A–C).
In chick limb sections, we observed cells in G1 phase (red cells),
in G1/S transition phase (yellow cells) and in S/G2/M phases
(green cells) (Fig. 7D–F). This showed that the Fucci cassette was
also functional in chick embryos, in vivo, in addition to being
functional in chick cell culture (Supplementary Figs. S4 and S5). In
order to analyze the cell cycle state of chick myogenic cells, we
used the MF20 and Pax7 antibodies to follow muscle ﬁbers and
muscle progenitors, respectively. It has to be noted that since we
are overexpressing the Fucci cassette using the RCAS system, the
Fucci system will be active only in virus-infected cells and not in all
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Fig. 3. Cell cycle state of Pax7þ cells during mouse fetal myogenesis using the Fucci system. Limbs frommKO2-hCdt1 (Fucci red, A–C, J–L), mAG-hGem (Fucci green, D–F, M–
O) or double mKO2-hCdt1/mAG-hGem (Fucci red and green, G, H) E15.5 mouse embryos were sectioned and immunostained with the Pax7 antibody only (A–H) or with both
Pax7 and MF20 antibodies (J–O). (A–C) Most Pax7þ cells were negative for Fucci red. Only occasional Pax7þ cells were found to be Fucci red positive (arrows). (D–F) Pax7þ
cells were observed in S/G2/M phases of cell cycle (arrows). (G–H) Pax7þ cells in double mKO2-hCdt1/mAG-hGem muscles. Green arrows point to Fucci greenþ/Pax7þ
cells, red arrow points to a rare Fucci redþ/Pax7þ cell, and white arrows point to Pax7þ cells negative for the Fucci system. (I) Quantiﬁcation of the proportion of Pax7þ
cells observed in the different phases of cell cycle using the Fucci system. (J–L) Pax7þ/Fucci red‐ cells were consistently observed outside MF20þ cells (J–L, arrows), while
myonuclei were in a G1-like state (K). (M–O) Pax7þ cells were mainly in S/G2/M phases and were always MF20‐ cells (M,N, arrows). Scale bars¼50 mm.
J. Esteves de Lima et al. / Developmental Biology 392 (2014) 308–323314
chick cells. This prevented us from any global quantitative analysis.
However, we could clearly observe that muscle ﬁbers displayed red
myonuclei (Fig. 7G–I, red arrowheads). Fucci redþ cells could also
be observed outside muscle ﬁbers (Fig. 7G–I, red arrows). Cells in
S/G2/M phases (green cells) were exclusively observed outside of
muscle ﬁbers (Fig. 7G–I, green arrows). Pax7þ cells labeled with the
Fucci system were mainly observed in S/G2/M phases (Fig. 7J–L,
green arrows). We conclude that the Fucci cassette (containing
human proteins) works in chick cells in vitro and in vivo and that
myonuclei of differentiated muscle ﬁbers are in a G1-like state
during chick fetal muscle development. These results are consistent
with that observed in Fucci transgenic mouse embryos.
Fucci state of adult mouse myoblasts in vitro and satellite cells ex vivo
Adult skeletal muscles possess a remarkable regenerative
capacity. This ability relies on the presence of adult muscle stem
cells, named satellite cells that are required and sufﬁcient for
Fig. 4. The Fucci system did not cover all cycling cells labeled with EdU. mAG-hGem (Fucci green) adult pregnant mice were injected with EdU for 1.5 or 5 h before embryo
ﬁxation. (A–F) Representative transverse sections of forelimb muscles with 5 h EdU pulse were immunostained for Pax7 (red), EdU (gray) and mAG (green). (A–F) showed the
same area of muscle with the different labeling. (G) Quantiﬁcation of the proportion of the EdUþ and EdU- cells among the Pax7þ population after 1.5 and 5 h of EdU
injection. Representative sections of muscle regions with 5 h EdU pulse showing Pax7/EdUþ cells and Pax7/EdU‐ cells. (H) Quantiﬁcation of the proportion of the Fucci
greenþ and Fucci green– cells among the cycling Pax7þ/EdUþ cells after 1.5 and 5 h of EdU exposure. Representative sections of muscles with 5 h EdU pulse showing Fucci
greenþ/EdUþ/Pax7þ cells (green arrowheads) and Fucci green- EdUþ/Pax7þ cells (white arrowheads). 30% of cycling (EdUþ) Pax7þ cells were not covered by the Fucci
system, after 1.5 and 5 h EdU pulses. (A–F) Scale bars¼50 mm; (G, H) scale bars¼25 mm.
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muscle regeneration (Lepper et al., 2011; Murphy et al., 2011;
Sambasivan et al., 2011). In order to determine whether adult
muscle progenitors displayed a Fucci distribution similar to fetal
muscle progenitors, we performed primary cultures of adult
myoblasts and cultures of isolated muscle ﬁbers (Le Grand et al.,
2012) from Fucci red/green mice. We ﬁrst analyzed cell cycle in
adult myoblasts in both proliferation and differentiation condi-
tions (Fig. 8). In proliferation conditions, all adult myoblasts were
Pax7þ and MyoDþ (Fig. 8A–F) (Cooper et al., 1999). In addition,
adult myoblasts were dividing in proliferating conditions (Fig. 8G–I).
Proliferating adult myoblasts could be observed in all cell cycle
phases: G1 phase (red nuclei and arrows), G1/S transition (yellow
nuclei and arrows) or in S/G2/M phases (green nuclei and arrows)
or with no Fucci color (Fig. 8A–F, white arrows). Analysis of the
proportion of cells in each cell cycle phase showed that adult
myoblasts were mostly in G1 phase (55.3%) in proliferating culture
condition (Fig. 8M). The 17.3% of cycling adult myoblasts display-
ing no Fucci color (Fig. 8) were likely in early G1 phase, since early
G1 phase was not covered by the Fucci system (Sakaue-Sawano
et al., 2008). The predominance of G1 phase (Fucci red) in dividing
adult myoblasts was in contrast to the in vivo situation, where
Pax7þ fetal progenitors labeled by the Fucci system were mostly
in S/G2/M phases (Fig. 3) and where MyoDþ/Myosin‐ myoblasts
were also mostly in S/G2/M phases (Fig. 2). This highlights a clear
Fig. 5. Pattern of cell proliferation in E15.5 mouse limbs using the Fucci system. (A–I) Limb sections of mKO2-hCdt1/mAG-hGem (double Fucci red and green) E15.5 mouse
embryos were immunostained with MF20 antibody. (A–F) Cells displaying Fucci red ﬂuorescence were mainly located in muscles (A–C), while cells in S/G2/M phases were
non-homogenously located in limbs (D–F). There was an increase of proliferating cells in S/G2/M phases delineating individualized muscles (low magniﬁcation D–F; high
magniﬁcation G–I, arrows). (J–O) Longitudinal and adjacent limb sections were immunostained with the MF20 (J–L) and type I collagen (M–O) antibodies. The presence of
proliferating cells in S/G2/M phases (J–L, arrows) was observed in tendons (M–O, arrows) close to muscle tips. Scale bars¼50 mm.
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Fig. 6. Spatial regionalization of proliferative muscle progenitors in individualized muscles. (A–C) Limb muscle longitudinal sections from mAG-hGem E15.5 mice were
immunostained with mAG (green) and Pax7 antibodies (red). (D) The percentage of proliferating Pax7þ cells in S/G2/M phases among Pax7þ cells was signiﬁcantly higher
at muscle tips compared to the middle of muscle, ***p-valueo0.001. (E–L) High magniﬁed pictures of muscle tips (E–H) and middle of muscle (I–L), representative of the
higher number of proliferating Pax7þ cells in S/G2/M phases (arrows) at muscle tips compared to that in the middle of muscles. Scale bars¼25 mm.
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difference between in vitro and in vivo situations for proliferating
muscle progenitors and myoblasts. The culture medium contains a
high level of growth factors including FGF, which is able to prevent
myogenic differentiation and to allow expansion of muscle pro-
genitor progeny. Thus, proliferating primary myoblasts expressing
both Pax7 and MyoD are likely to be in an in vitro “blocked” state
between stem cells and committed progeny that rarely exists
in vivo. Upon serum removal, adult myoblasts differentiate and
fuse into multinucleated myotubes. Under these conditions (4 days
in differentiation medium), the majority of the myonuclei within
myotubes were displaying Fucci red ﬂuorescence (94.5%) (Fig. 8J–L
and N). This was consistent with the in vivo situation during fetal
myogenesis (Fig. 1).
In order to visualize satellite cells in their niche, adult muscle
ﬁbers can be isolated from an intact skeletal muscle and main-
tained in culture in “ﬂoating conditions”. We performed single
myoﬁber culture from EDL muscles of Fucci red or Fucci green
adult mice. At T0 h, just after the ﬁber isolation procedure, all
myonuclei displayed a red ﬂuorescence (Fig. 9A–C). The G1-like
state of myonuclei in isolated muscle ﬁbers was consistent with
the in vivo situation during fetal development (Figs. 1 and 2) and
with adult myoblast cultures in differentiation conditions (Fig. 8).
At T0 h Pax7þ cells were systematically negative for the Fucci red
and green reporters (Fig. 9A–F, arrows), consistent with the G0
quiescent state of satellite cells in this culture system (Fukada
et al., 2007). When cultured on single myoﬁbers, satellite cells
remain in their niche, and generate a heterogeneous progeny of
proliferating and differentiating satellite cells after 72 h ex vivo
(around four divisions) (Zammit et al., 2004). At this time point,
Pax7þ cells were observed in S/G2/M phases but rarely in G1
phase (Fig. 9G–L, arrows). In clusters, MyoDþ cells could be
observed either in G1 phase (Fig. 9M–O, arrows) or in S/G2/M
phases (Fig. 9P–R, arrows). Myonuclei continued to display strong
red ﬂuorescence after 72 h of culture (Fig. 9G–I and M–O).
In summary, myonuclei were in a G1-like state both in cultured
myotubes and in single myoﬁbers similar to fetal myonuclei.
Fig. 7. RCAS-Fucci-2A in chick embryos. (A–C) Limbs from E3.5 chick embryos were grafted with ﬁbroblasts expressing the RCAS-Fucci-2A retrovirus. Wholemount views of
the same E8.5 limb expressing RCAS-Fucci-2A, 5 days after grafting: bright ﬁeld (A), Fucci red (B) and Fucci green (C). (D–F) Sections of RCAS-Fucci-2A-infected limbs were
performed. Limb cells could be observed in G1 (red arrows), in G1/S transition (yellow arrows) or in S/G2/M phases (green arrows). (G–L) Sections of RCAS-Fucci-2A-infected
limbs were immunostained with MF20 (white) (G–I) or Pax7 (white) (J–L) antibodies. (G–I) Fucci redþ nuclei were observed in muscle ﬁbers (G–I, red arrowheads) or
outside muscle ﬁbers (G–I, red arrows). Proliferating cells in S/G2/M phases (green) were systematically observed outside muscle ﬁbers (G–I, green arrows). Pax7þ cells
could be observed in S/G2/M phases (J–L, green arrows) but barely in G1 phase. Scale bars¼50 mm.
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Fig. 8. Cell cycle state of adult myoblasts and myotubes in culture. Primary myoblasts from limb muscles of 2-month post-natal double Fucci red/green mice were cultured in
proliferation conditions (A–I) or differentiation conditions (J–L). Myoblasts were immunostained with the Pax7 antibody (A–C), MyoD antibody (D–F) or EdU (G–I) in
proliferation conditions, or with the MF20 antibody in differentiation conditions (J–L). (A–C) is the same ﬁeld showing Fucci red and green cells (A), Pax7þ cells (B), and
nuclei (C). All myoblasts were Pax7þ (B, C). (D–F) is the same ﬁeld showing Fucci red and green cells (D), MyoDþ cells (E), and nuclei (E). All myoblasts were MyoDþ (E, F).
(G–I) is the same ﬁeld showing EdUþ/Hoechstþ cells (G), EdU staining (H) and nuclei (I), after 24 h of EdU treatment. (J–L) is the same ﬁeld showing Fucci red and green
cells (J), Fucci red and green and MF20þ cells (K) and nuclei (L). All myonuclei were in G1 phase. (M, N) Quantiﬁcation of the proportion of adult myoblasts in different
phases of cell cycle using the Fucci system in proliferation conditions (M) and in differentiation conditions (N).
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Fig. 9. Cell cycle state of myogenic cells in single myoﬁber cultures from Fucci transgenic mice. Isolation of single myoﬁbers from EDL muscles of mKO2-hCdt1 (A–C, G–I, M–
O) or mAG-hGem (D–F, J–L, P–R) 2-month-old mice. (A–F) Single ﬁbers from Fucci red (A–C) or from Fucci green (D–F) mice were immunostained with Pax7 just after
isolation (T0 h). At 0 h of culture, satellite cells labeled with Pax7 were negative for Fucci red (A–C, arrows) and for Fucci green (D–F, arrows). (G–R) Single ﬁbers from Fucci
red (G–I, M–O) or from Fucci green (J–L, P–R) mice were cultured for 72 h and then immunostained with Pax7 (G–L) or MyoD (M–R) antibodies. (A–C, G–I, M–O) mKO2
ﬂuorescence (red) was observed without any additional labeling. (D–F, J–L, P–R) Single ﬁbers from Fucci green mice were double-immunostained with mAG (green) and Pax7
(red, D–F) or MyoD (red, J–L) antibodies. Myonuclei were positive for Fucci red reporter (A, C). In 72 h clusters, Pax7þ cells were not Fucci red (G–I, arrows) but could be
visualized with the Fucci green reporter (J–L, arrows). In clusters, MyoDþ cells could be visualized either with the Fucci red reporter (M–O, arrows) or with the Fucci green
reporter (P–R, arrows).
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Quiescent satellite cells on freshly prepared myoﬁbers were
negative for the Fucci system, while activated satellite cells in
their niche exhibit a Fucci distribution similar to fetal muscle
progenitors. In contrast to in vivo and ex vivo situations, in vitro
cultured primary adult myoblasts showed a Fucci pattern inde-
pendent of the presence of Pax7 or MyoD.
Discussion
In this paper we used the Fucci system to analyze the cell cycle
state of limb cells during fetal development, with a particular
focus on muscle. We found that the Fucci red system did not
follow actively cycling cells in G1 phase since myonuclei were all
Fucci red and the early G1 phase was not fully covered by the Fucci
system. However, the Fucci green system allowed us to highlight a
speciﬁc pattern of cell proliferation in mouse limbs, with an
increase of cycling cells in S/G2/M phases in muscle-surrounding
tissues and at muscle tips. We also analyzed the Fucci state of
adult muscle cells using in vitro and ex vivo systems.
Myonuclei are in a G1-like state
A striking result of this study was the observation that the
myonuclei of terminally differentiated muscle ﬁbers displayed
Fucci red ﬂuorescence, suggesting that myonuclei were in a G1-
like phase (Fig. 10). This particular state of cell cycle of post-mitotic
muscle cells was observed in all the situations we analyzed.
Myonuclei were Fucci redþ during mouse and chick fetal myo-
genesis, in cultured adult myotubes and isolated adult muscle
ﬁbers. This speciﬁc G1-like state of post-mitotic muscle cells has
also been observed in Fucci transgenic zebraﬁsh lines (Sugiyama
et al., 2009). Because it is well established that terminally
differentiated muscle ﬁbers do not divide, this implies that
myoblasts exit from the cell cycle in G1 during differentiation
and then remain in G1-like phase during their lifetime. The cell
cycle exit in G1 phase of myoblasts is consistent with old studies in
cell cultures, based on radioactive-labeled-thymidine incorpora-
tion (Bischoff and Holtzer, 1968, 1969). The maintenance of Fucci
red ﬂuorescence in differentiated cells had already been observed
in post-mitotic neurons in mouse Fucci embryos (Sakaue-Sawano
et al., 2008) and in neural stem cells in differentiation conditions
(Roccio et al., 2013). We also observed that the post-mitotic cells of
the external layer (spinous layer) of the skin (reviewed in Fuchs,
2008) were also Fucci red (Supplementary Fig. S2). However, in
cartilage elements, we did not observe a strict correlation between
differentiated cells in diaphyses and Fucci red ﬂuorescence
(Supplementary Fig. S2D–F). We believe that muscle, neuronal
and skin cells exit from cell cycle in G1 phase to differentiate and
remain in a blocked G1-like phase. The maintenance of Fucci red
ﬂuorescence in post-mitotic cells could reﬂect the stability of the
mKO2-hCdt1 transgene in post-mitotic cells or reﬂect a blocked
G1-like state. The G1-like phase of myonuclei known to express
MyoD and p57 is consistent with the association of MyoD activity
and G1 phase and the role of p57 in timing cell cycle exit at G1/S
transition (Kitzmann et al., 1998; Lindon et al., 1998; Gui et al.,
2007). It is not clear what would be the physiological conse-
quences/advantages of the maintenance of myonuclei in a G1-like
state compared to a G0 state. In mammalian cells, the process of
terminal differentiation is normally considered to be irreversible in
physiological conditions. However, under experimental conditions,
terminally differentiated mammalian myotubes have been shown
to dedifferentiate and proliferate when stimulated with the
appropriate signals (Blais et al., 2007; Mastroyiannopoulos et al.,
2012; Odelberg et al., 2000; Pajcini et al., 2010). One conclusion
from these studies is that the diminution of pRb is of critical
importance in the induction of the myonuclear S-phase reentry
(Blais et al., 2007; Pajcini et al., 2010). The experimental and rapid
S-phase reentry of myonuclei is consistent with the physiological
state of myonuclei in G1-like phase. In addition, the reversal of
cellular differentiation to form proliferating progenitor cells is a
common feature in the urodele amphibians during the appendage
regeneration process (Brockes and Kumar, 2002).
Muscle progenitor cells, cell cycle and quiescence in vivo
Another striking result of this study is the low percentage
(0.6%) of Pax7þ cells in the G1 phase and the high proportion
(57.6%) of Pax7þ cells not labeled by the Fucci system during
mouse fetal myogenesis (Fig. 3I). We showed that a pool of cycling
cells labeled with EdU or Ki67 did not express any Fucci reporter
(Fig. 4, Supplementary Fig. S1). We believe that these cycling
Fucci- cells are in early G1 phase of the cell cycle (Fig. 10), since it
has been previously shown that this phase is not covered by the
Fucci system (Sakaue-Sawano et al., 2008; Sugiyama et al., 2009).
This shows that the Fucci system does not cover the complete cell
cycle, specially the G1 phase, in muscle progenitors. In addition to
the cycling Pax7þ cells not covered by the Fucci system, we also
observed high proportions of Pax7þ cells that did not incorporate
EdU after the different EdU pulses (Fig. 4). These non-dividing
Pax7þ/EdU‐ cells include to the quiescent fetal muscle progenitor
population, already described by Picard and Marcelle (2013). The
addition of cycling Pax7þ cells not covered by the Fucci system
and quiescent Pax7þ cells explains the high proportion of (cycling
and non cycling) Pax7þ cells not labeled by the Fucci system.
Although the early G1 phase is not covered by the Fucci system
(Sakaue-Sawano et al., 2008), another non-exclusive explanation
for the low percentage of Pax7þ cells in G1 is that fetal muscle
progenitors display a short G1 phase during cell cycle. Since these
cells are the exclusive source of myonuclei for fetal and peri-natal
myoﬁbers, it is likely that the Pax7þ population divides rapidly to
allow muscle tissue growth during fetal and peri-natal myonuclear
accretion phases. This feature (short G1 phase) is shared with
embryonic stem cells (Fluckiger et al., 2006; Savatier et al., 1994;
Stead et al., 2002) and stem cells in the crypts of the small
intestine, which are rapidly dividing to fuel the active self-
renewal of the epithelium (Clevers, 2013). A further hypothesis
for the low percentage of Pax7þ cells in G1 during fetal myogen-
esis is that the increase of the Pax7þ cell pool occurs via
Fig. 10. Schematic representation of the cell cycle state of myogenic cells.
Quiescent Pax7þ cells are in G0 phase and are not labeled by the Fucci system.
The early G1 phase is not covered by the Fucci system. The Fucci system labels
Pax7þ cells in S/G2/M phases and MyoDþ cells in G1 phase. MyoDþ cells exit cell
cycle in G1 phase and retained a G1-like state leading to Fucci red myonuclei.
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asymmetric division. One daughter cell will differentiate in G1
phase (express MyoD and no longer express Pax7) and the other
will rapidly re-enter into the cell cycle (and maintain Pax7
expression). The fact that the proportion of (MyoDþ Myosin-)
myoblasts displaying Fucci red (15.1%) is higher than that of
(Pax7þ) muscle progenitors (0.6%) favors the idea that asym-
metric division could occur during fetal muscle growth. This
mechanism has already been described to explain the self-
renewal of the satellite cell population during adult muscle
homeostasis (Kuang et al., 2007) and following muscle injury
(Troy et al., 2012).
Regionalization of cell proliferation in limbs during fetal development
An important observation from this study is the speciﬁc pattern
of cell proliferation in fetal mouse limbs. Limb cell proliferation
does not appear to be a random and homogeneous process. We
observed an increased density of cells in S/G2/M phases in muscle-
surrounding tissues, corresponding to muscle borders and ten-
dons. In addition to dividing non-muscle cells, there were also
large numbers of muscle progenitors in S/G2/M phases at muscle
tips. This increase of Pax7þ cells in S/G2/M phases at muscle tips
could reﬂect an increase of cell proliferation or an augmentation
of the length of the S, G2 or M phases in these muscle regions.
The selective cell proliferation (myogenic and non myogenic cells)
at the muscle–tendon interface suggests that signals in this region
maintain cells in a proliferating state. This is consistent with the
presence of enhanced active signaling pathways at the muscle–
tendon interface such those of Bmp and Fgf (Edom-Vovard et al.,
2001, 2002; Eloy-Trinquet et al., 2009; Wang et al., 2010). Our
results suggest that during fetal myogenesis, localized signals
regulate the developmental changes and regionalization of pro-
liferating fetal muscle progenitors, supporting the idea that fetal
muscle growth can be preferentially achieved at muscle tips. We
believe that the muscle/tendon interface region behaves as a
signaling center during fetal development. There are arguments
to suggest that selective and regionalized cell proliferation also
occurs during adult life. A greater concentration of satellite cells at
the ends of growing ﬁbers has been reported in muscles of post-
hatching chicken (Allouh et al., 2008). An increase of satellite cell
proliferation has also been observed close to the tendons in
conditions of injury (Tsujimura et al., 2006). In addition, clusters
of activated satellite cells are more concentrated at the extremities
of isolated adult muscle ﬁbers (Wang et al., 2010).
In summary, using the Fucci systemwe have shown that Pax7þ
fetal (in vivo) and adult (ex vivo) muscle progenitors are mainly
visualized in S/G2/M phases. Moreover, we showed that myonuclei
of fetal and adult muscle ﬁbers were maintained in a G1-like
phase, preserving a strong Fucci red reporter expression, which
can be of a wide use for imaging and analysis of myonuclei.
Although, the Fucci system lacks the coverage of the cell cycle
during early G1, our results reveal that Fucci can be used to study
proliferating muscle cells in S/G2/M phases. Finally, our analysis
of the spatial localization of proliferating cells in S/G2/M phases
revealed a regionalization of the cell cycle during mouse limb fetal
myogenesis.
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